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ABSTRACT 
 
TiO2 is well known as a prototype photocatalyst for water dissociation. To understand the 
mechanism of its photocatalytic water dissociation we performed first-principles calculations. 
We find that the surface of the catalytically favorable (TiO) termination is very different from 
the physically favorable (oxygen) termination.  The calculated surface energy of the catalytically 
favorable (TiO) termination is about 10 times larger than that of the physically favorable 
(oxygen) termination. Analysis of the surface band structure suggests that while O-vacancies are 
intrinsic active sites for water dissociation into H2 and O2 gas, they are not essential for 
photocatalytic water dissociation. We also find that carbon impurities decrease the band-gap of 
TiO2, in agreement with previously reported experimental results. Moreover, we identify the 
origin of the arcane “double band gap” in carbon doped TiO2. The two onsets seen in the 
photoabsorption spectrum result from excitations from two of three C p-states within the band 
gap, not from domains of different composition. 
 
INTRODUCTION 
 
TiO2 has been studied thoroughly both experimentally and theoretically since the discovery 
that it serves as a photcatlyst for water dissociation [1].  Some outstanding puzzles remain, 
however, about its surface structure, photocatalytic activity and the influence of doping on its 
band gap. For example, the origin of Ti-vacancies frequently observed between two O-vacancies 
in STM measurement [2] is not clear. Second, based on STM experiments it has been observed 
that the density of O-vacancies correlates with catalytic activity for water dissociation on the 
TiO2 (110) surface and such vacancies are therefore assumed to serve as active sites [3]. It 
remains unclear if the presence of O-vacancies is a necessary condition for TiO2 to act as a good 
photocatalyst. Finally, two distinct onsets are observed in the photoabsorption spectrum of 
carbon-doped TiO2. This “double band gap” has been hypothesized to arise from domains of 
different composition [4].  The resolution of these puzzles would be helpful in the design new 
schemes for doping TiO2 for improved catalysis. 
 
THEORETICAL DETAILS 
 
The rutile TiO2 (110) surface was modeled with a 5-layer symmetric slab repeated with 
vacuum spacing of 1.1 nm between slabs. The bulk structure was modeled with a 2x1x1 
supercell of contents Ti4O7C, approximately 15% C-doping. First-principles pseudopotential [5] 
and FLAPW [6] calculations were carried out with the Kohn-Sham (KS) orbitals being expanded 
in plane waves of kinetic energy below 400 eV. We included Ti 3s, 3p, 3d, and 4s states and O 
2s and 2p states as valence states. The GGA Perdew-Wang (PW91) functional was used for 
exchange and correlation. For the surface energy calculations we optimized the entire structure 
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by allowing the individual atoms to relax until the calculated Hellmann-Feynman forces were 
less than 0.03 eV/a.u. 
The surface energy was calculated by using following equation: 
Ef = [Etot(supercell) – nEtot(bulk) + mEtot(O2)/2]/(2A) 
Here Etot(supercell) is the total energy for surface slab, Etot(bulk) is the total energy for bulk 
rutile in its primitive unit cell, Etot(O2) is the total energy for molcular O2, A is the area of in-
plane unit cell, n and m are coefficients chosen to balance the stoichiometry. In the case of 
stoichometric surface, m = 0. To consider the triplet states of oxygen we included spin-
polarization for O2 
To test the validity of using GGA we calculated the lattice constant of bulk rutile TiO2 and 
obtained a =0.4635, and c=0.2979 nm. The a parameter is an exact match to the experimental 
value while c is about 1% larger than the corresponding experimental value. We used these two 
lattice constants to construct our surface slab and 2x1x1 supercell without further optimization of 
the supercell structures. We also tested the relaxations of the slab structure with 3- and 7-layer 
models. The difference in relaxation of the surface between 3-layer and 5-layer structures is less 
than 10 % and between the 5- and 7-layer structures it is less than 3 %. We present 5-layer 
surface results here. 
 
SURFACE ENERGIES FOR BOTH STOICHOMETRIC AND NON- STOICHOMETRIC 
(110)SURFACE 
 
In Table I we show the calculated the surface energies and compare with other theoretical 
calculations and available experiments. Obviously our surface energy for the stoichometric TiO2 
(110) surface is much in better agreement with experimental results than previous reported 
theoretical calculations. Evidently this difference is principally due to a better choice of ex-
potential.  
 
Table I.  Calculated the surface energies (erg/cm2) and literature comparisons for both 
stoichiometric (oxygen-terminated) and nonstoichiometric (Ti-O-terminated) rutile TiO2 (110). 
 Stoichometric Non-stoichometric 
 Present work  Theo.[7] Theo.[8] Expt.[9] Present work 
Surface energy         524               1057         903       280-380 4245 
        
The surface energy of the nonstoichometric TiO2 (110) surface is about 10 times greater 
than that of the stoichometric TiO2 (110) surface. Thus, it is very unlikely that the 
nonstoichometric TiO2 (110) surface exists in stable form. At first impression, this would appear 
to contradict recent STM experiment [2] that actually found islands of oxygen vacancies. To 
understand this contradiction we plot the band structures for the stoichiometric and 
nonstoichiometric terminations of the (110) surface, and for the latter with a Ti-vacancy. (See 
figure 1.) As Shown in figure 1(b) two conduction bands (CB) are occupied when two O atoms 
are removed from surface. Nominally this happens because the removal of each oxygen atom 
removes three O2p bands from the valance band (VB), but removes only four electrons since 
each oxygen atom contributes four 2p electrons. The removal of each oxygen atom therefore 
leaves two electrons (nominally from Ti) without a corresponding VB home. Since there are two 
“missing” surface oxygen atoms per unit cell in the non-stoichiometric termination, there are 
four electrons in the CB.  The origin of high surface energy of nonstoichometric surface is 
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principally due to these four electrons occupying the CB (4x2.36 eV = 9.44 eV). Thus the 
formation energy for O-vacancies would be dramatically reduced if those four electrons in the 
CB were moved down to valence bands. By removing one Ti atom (which has four valance 
electrons) we can achieve this goal as shown in figure1(c). This is why Ti-vacancies are 
observed between two O-vacancies. A Ti-vacancy stabilizes the O-vacancies by removing four 
electrons from the CB and thereby reducing the high formation energy of O-vacancies. This 
result also shows why O-vacancies serve as active sites for water dissociation [3]. The free 
electrons in the CB are available to reduce water for its dissociation. It appears that it is not 
necessary to create O-vacancies on the surface for photocatalytic water dissociation since the 
solar photons excite electrons to CB, achieving the same free electrons. The actual binding site 
for water dissociation remains an open issue.  
 
 
Figure 1. Band structures for TiO2 (110). (a) stoichiometric surface, a.k.a oxygen-terminated; (b) 
nonstoichometric surface, a.k.a as Ti-O-terminated; (c) nonstoichometric surface with one Ti-
vacancy. 
 
HOW C-DOPING REDUCES THE BAND GAP 
 
It is well known that TiO2 is a very good candidate for photocatalytic water dissociation 
since it has high stability and the CB is sufficiently high in energy to supply electrons at greater 
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than the 1.23 eV chemical potential required to dissociate water into H2 and O2 gas. The wide 
(3.0 eV) bandgap of TiO2 hampers its application for high efficiency use of sunlight, however, 
since the majority of solar photons that reach the Earth’s surface are below 2.0 eV [10]. It has 
recently been reported that C-doping [4] reduces the bad gap to 2.32 eV. Interestingly, upon C-
doping two distinct onsets are observed in the photo absorption spectrum of TiO2. It was 
proposed that this “double band gap” is due two different compositions each giving rise to a 
unique band gap. We tried to dope TiO2 with C in different sites and with different supercell 
orientations but failed to find band gaps differing by 0.5 eV. Instead, as shown in figure 2 we 
found that the “double band gap” arises from two transitions arising from the three C p-states. 
Upon the substitution of a carbon atom for an oxygen atom in TiO2, the three carbon p-states 
float up into the nominal TiO2 band gap because of the smaller nuclear charge of carbon relative 
to oxygen. Only two of these three states are occupied because the substitution of a carbon atom 
for an oxygen atom removes two electrons per substitution. The energy difference between those 
two occupied p-states is 0.3 eV, which is in good agreement with observed 0.5 eV difference [4]. 
 
Figure 2. DOS and band structure for 15 % C-doped rutile TiO2. Note that the three C p-states 
are located within the nominal TiO2 band gap but just two bands are occupied (by fours 
electrons, two from C itself and two from the neighbor Ti atoms). These two p-states are the 
origin of the “double band gap” observed in the photo-absorption spectrum of C-doped TiO2. Eg1 
and Eg2 are two band gaps, (2.32 eV and 2.82 eV observed). 
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Another possibility for the “double band gap” is that one onset results from C-substitution 
and another from arises from interstitial carbon. Four electrons would occupy the two p-states 
yielding the 2.32 eV band gap (observed) for C-substitution while just two electrons would 
occupy one p-state yielding 2.82 eV band gap (observed) for interstitial carbon. By some 
complex doping it is conceivable that a 1.58 eV band gap might be achieved if one or two extra 
electrons could be forced to occupy the third C p-state. Obviously the formation energy would be 
correspondingly higher as well. It is worth mentioning that the C-doped TiO2 actually has some 
metal-like character since the Fermi level is within the C p-states (as shown in DOS part of 
figure 2). Its optical properties are semiconductor-like, however, since the p- p transition is 
forbidden at first-order by selection rules. One might refer to such a material as a metal optical-
semiconductor. These possibilities are targets for future investigation. 
 
CONCLUSIONS 
 
Based on first-principles density-functional theory calculations we have resolved several 
outstanding puzzles about TiO2. First, the calculations show why the Fermi level moves to the 
bottom of the nominal TiO2 conduction band for the nonstoichiometric Ti-O-terminated surface. 
The removal of surface oxygen atoms forces the Ti valance electrons to occupy Ti 3d states in 
the CB. This also explains why Ti vacancies are observed to occur adjacent to oxygen vacancies 
on the surface. The removal of one Ti atom for every two oxygen vacancies stabilizes the oxygen 
vacancies by removing the Ti valance electrons from the CB.  Second, the calculations reveal the 
origin to the “double band gap” for C-doped TiO2. The two observed onsets in the optical 
absorption spectrum arise from two occupied C 2p states within the nominal TiO2 band gap. We 
expect that this improved understanding will facilitate targeted doping of TiO2 for improved 
photocatalytic performance.  
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